New series of organotin(IV) complexes and Schiff bases derived from amino acids have been designed and synthesized from condensation of 1H-indole-2,3-dione, 5-chloro-1H-indole-2,3-dione, and -amino acids (phenylalanine, isoleucine, and glycine). All compounds are characterized by elemental analyses, molar conductance measurements, and molecular weight determinations. Bonding of these complexes is discussed in terms of their UV-visible, infrared, and nuclear magnetic resonance ( 1 H, 13 C, and 119 Sn NMR) spectral studies. The results suggest that Schiff bases behave as monobasic bidentate ligands and coordinate with dibutyltin(IV) in octahedral geometry according to the general formula [Bu 2 Sn(L) 2 ]. Elemental analyses and NMR spectral data of the ligands with their dibutyltin(IV) complexes agree with their proposed distorted octahedral structures. Few representative compounds are tested for their in vitro antibacterial activity against Gram-positive (B. cereus, Staphylococcus spp.) and Gramnegative (E. coli, Klebsiella spp.) bacteria. The results show that the dibutyltin complexes are more reactive with respect to their corresponding Schiff base ligands.
Introduction
Amino acids and their compounds with different metal ions play an important role in pharmaceutical industries [1] [2] [3] [4] [5] . A number of studies have indicated that biologically active compounds become more bacteriostatic and carcinostatic upon chelation. Some drugs show increased activity when administered as metal chelates and inhibit the growth of tumor. Moreover, the development in the field of bioinorganic chemistry has increased the interest in Schiff base complexes, since it has been recognized that many of these may serve as models for biologically important species [6] [7] [8] [9] . During the past few decades, research about new organotin compounds has increased dramatically, most likely due to their diverse biological applications [10] [11] [12] [13] . A huge interest in metal complexes of Schiff bases derived from amino acids and salicylaldehyde has emerged due to their structural, magnetic, and electrochemical properties, as well as their potential use as models for a number of important biological systems [14] [15] [16] . Among their several biological functions, they show antimicrobial, antimalarial, antiproliferative, chemotherapeutic, radiopharmaceutical, insulin-mimetic, and fungicidal properties [17] [18] [19] [20] [21] [22] [23] . One of the most important bioinorganic chemistry research areas in organotin compounds is the investigation of their cytotoxic and antitumor activities [24] . Moreover, tin(IV) complexes characterized by the presence of one or more carbon-tin bonds have proved to be cytotoxic against the breast adenocarcinoma tumor and the colon carcinoma [25] . In general, the toxicity of organotin compounds seems to increase with the chain length of the organic alkyl groups, which are often more active than aryl ones [26, 27] .
Although the major uses of these derivatives are well known for their versatile and significant important biological and pharmaceutical activities and as wood preservatives and pesticides [28] [29] [30] [31] [32] [33] [34] , the organotin(IV) compounds possess potential applications in the field of industrial and 2 Bioinorganic Chemistry and Applications medicinal chemistry. Organotin(IV) complexes have been extensively studied due to their coordination geometries as well as structural diversity. In view of this, the synthesis of organotin(IV) complexes of Schiff bases derived from the condensation of 1H-indole-2,3-dione and 5-chloro-1H-indole-2,3-dione with different amino acids (phenylalanine, isoleucine, and glycine) derivatives is reported herein. The characterization of the complexes was realized by elemental analysis and spectroscopic (UV, IR, 1 H, 13 C, and 119 Sn NMR) studies. Their antibacterial activities were screened against various Gram-positive and Gram-negative bacteria.
Experimental
All reagents were commercially available (Aldrich or Merck) and used as supplied. Solvents were purified and dried according to standard procedures and moisture was excluded from the glass apparatus using CaCl 2 drying tubes. Melting points were determined in open glass capillaries and were uncorrected. The ligands were prepared by the condensation of isatin and 5-chloroisatin with amino acids (phenylalanine, isoleucine, and glycine) as described earlier [35] .
Analytical Methods and Spectral Measurements.
Tin was estimated gravimetrically as SnO 2 . CHN analyses were carried out on a Perkin Elmer 2400 Elemental Analyser. Molecular weight determinations were carried out by the Rast camphor method. Molar conductance measurements were made in anhydrous dimethylformamide at 25 ± 5 ∘ C using a Systronics conductivity bridge model 305. The electronic spectra were recorded in DMSO on a Thermo UV1 spectrophotometer. IR spectra were recorded on a Perkin Elmer Spectrum SP-2 Fourier transform spectrophotometer using KBr pellets (4000-400 cm −1 ). 1 H and 13 C NMR spectra were recorded on a Bruker Avance-II (400 MHz) FTNMR spectrometer using DMSO-d 6 as solvent at 400 MHz and 100 MHz, respectively. TMS was used as internal reference for 1 H NMR and 13 C NMR. The 119 Sn NMR spectra with proton noise decoupling were recorded on a Bruker Avance-II spectrometer using dry DMSO as the solvent at 149.21 MHz and tetramethyltin (TMT) as an external standard. X-ray powder patterns were obtained with a SIEMENS D-5000 Xray diffractometer using Cu K radiation ( = 1.5405984Å) which was operated at 30 kV and 15 mA.
3D Molecular Modeling
Analysis. The molecular modeling of a representative compound was carried out on a CS Chem3D Ultra Molecular Modeling and using MM2 analysis program [36] . It is an interactive graphics program that allows rapid structure building, geometry optimization with minimum energy, and molecular display. Correct sequence of atoms was obtained to get reasonable low energy molecular models to determine their molecular representation in three dimensions. Complications of molecular transformations could be explored using output obtained. An attempt to gain a better insight into the molecular structure of compounds, geometric optimization, and conformational analysis was performed using MM2 force field [37] .
Syntheses of Organotin(IV)
Complexes. Dibutyltin(IV) oxide (0.280 g; 1.125 mmol) was added to the calculated amount of the ligands (0.491−0.829 g; 2.250 mmol) in a 1 : 2 molar ratio in dry benzene (75 mL), with methanol (25 mL) mixture as reaction medium. The contents were refluxed on a fractionating column for about 5-7 hours. The water liberated in the reaction was removed azeotropically with benzene. On completion of the reaction, the resulting products were rendered free from solvent and then washed repeatedly with dry cyclohexane. The crystalline solids were separated out and purified by recrystallization from the same solvent. The products so formed were finally dried in vacuum at 40 ± 5 ∘ C for 2-3 hours. The purity of the complexes was checked by TLC using silica gel type G as adsorbent. Their physical properties and analytical data were recorded in Table 1. 2.4. Antibacterial Activity. Synthesized compounds were screened for their antibacterial activity against Gram-positive (B. cereus, Staphylococcus spp.) and Gram-negative (E. coli, Klebsiella spp.) bacteria at two concentrations 500 ppm and 200 ppm. The compounds were dissolved in DMSO. The in vitro antibacterial activity of the free ligands and their tin complexes was tested using the agar well diffusion method [38] . Using a sterile cork borer (5 mm in diameter) wells were made in each agar plate, more than 0.1 mL of the tested compounds were poured into three wells, and the dishes were incubated at 28 ± 2 ∘ C for 24 hours. The growth of the microorganisms was inhibited by diffusion of the test solutions and then the inhibition zone around the well was measured. The antibacterial activity of each compound was compared with standard antibiotics such as streptomycin. DMSO was used as a control under the same conditions to test organisms and no activity was found.
Results and Discussion
New organotin(IV) complexes were synthesized by the reactions of dibutyltin(IV) oxide with Schiff bases, which have been carried out in 1 : 2 molar ratios using anhydrous benzene and absolute methanol in a 3 : 1 ratio as solvent. These reactions proceed with the liberation of water, which was azeotropically removed. The results of elemental analysis (C, H, and N) with molecular formula and the melting points are presented in Table 1 . The results obtained are in good agreement with those calculated for the suggested formula. The scheme of the organotin(IV) complexes preparation is given below (Scheme 1).
The above reactions were found to be quite facile and could be completed in 5-7 h of refluxing. All these complexes are intensively coloured and are solids. They are soluble in methanol, DMF, and DMSO. The compounds were dissolved in DMF and molar conductance 10 indicating that these compounds are nonelectrolytes.
Electronic Spectra.
The spectra of the ligands and their complexes were recorded in dry DMSO. The various bands observed were assigned to interligand and charge transfer of - * transitions according to their energies and intensities. Two intense maxima are observed in the complexes at 210-232 and 375-382 nm ranges which may be assigned to - * transition of the carboxylate [39] and of the C=N chromophore. The appreciable shifting observed in the - * transition (∼370 nm) is due to the polarization in the C=N bond caused by tin-ligand electron interaction. This clearly indicates the coordination of the azomethine nitrogen with the tin atom. A band in the region 355-338 nm in the spectra of the Schiff bases and complexes is likely to be the secondary band of the benzene ring coupled with the intramolecular charge transfer transition taking place within the ligand moiety. Furthermore, sharp bands were observed in the region 246-332 nm in the spectra of the complexes which could be assigned to the charge transfer transition from ligand to tin atom [40] .
Infrared Spectra.
The IR spectra of these compounds have been recorded in the range of 4000-400 cm −1 . Tentative assignments have been made on the basis of earlier publications and the important data are listed in Table 2 . The absorptions of interest in the spectra of the complexes are ](COO), ](Sn-C), and ](Sn-O). The position and the intensities of these peaks are expected to be changed on chelation. New peaks and quasi-peaks are also a guide to chelation. The IR spectra of all the ligands show the absence of bands at 3450 and 1750 cm −1 due to ](NH 2 ) group of amino acids and ](C=O) of isatin. Instead, a new prominent band at 1635±5 cm −1 due to azomethine ](C=N) linkage appeared in all the ligands [12, 34] , indicating that condensation between ketone moiety of isatin and that of amino group of amino acids has taken place resulting in the formation of the desired ligands (L 1 H−L 6 H). Moreover, comparison of the IR spectra of the ligands with their organotin(IV) complexes showed a major shift to lower wave numbers by 10−15 cm −1 in azomethine ](C=N) at 1620 ± 5 cm −1 suggesting the involvement of the azomethine nitrogen with the organotin(IV) ion [9, 11, 32] . The appearance of a new band of medium intensity in the region ∼552-540 cm −1 in all of the derivatives studied, which may be assigned to ](Sn←N), further confirms the coordination of the amino nitrogen with the tin moiety.
The absence of the ](COOH) in all the organotin(IV) compounds in the 2750-3100 cm [12] , and ](Sn-O) [38] , respectively. The vacant 5d orbital of tin atoms tends toward high coordination with ligands containing lone pairs of electrons. The intensity observed for the symmetric Sn-CH 2 stretching vibration at ∼1440 cm
indicates a bent C-Sn-C moiety for the dibutyltin complexes. These data are consistent with a distorted octahedral configuration for the tin atom.
3.3.
1 H NMR Spectra. The chemical shifts ( ppm) of various protons in the complexes in DMSO-d 6 solution are given in Table 3 . The conclusions drawn from 1 H NMR spectral studies lend further support to the mode of bonding discussed above. The absence of a signal at 12.00−11.00 ppm due to the C(O)OH proton suggests the deprotonation of the carboxylic oxygen atom of the ligands on complexation. The ligands give a complex multiplet signal in the region 7.10−7.85 ppm for the aromatic protons and these remain almost at the same position in the spectra of the metal complexes. The appearance of signals due to NH protons at the same positions in the ligand and its complexes shows the noninvolvement of this group in coordination. The butyl protons attached to tin appear as multiplets due to -CH 2 -CH 2 -CH 2 -protons in the 1.65−1.15 ppm region and as a clear triplet or broad signal due to terminal methyl protons in the 0.80-0.85 ppm region Bioinorganic Chemistry and Applications 5 
3.4.
13 C NMR Spectra. The 13 C NMR spectral data along with assignment of characteristic peaks of ligands and its diorganotin(IV) complexes are presented in Table 4 . The signals due to the carbon atoms attached to the carboxylate oxygen and the azomethine groups in the ligands appear at ∼ 176 ppm and ∼ 163 ppm, respectively. However, in the spectra of the corresponding tin complexes, these appear at ∼ 185 ppm (carboxylate group) and at ∼ 155 ppm (azomethine group), respectively. The considerable shifts in the resonances of the carbon atoms attached to oxygen and nitrogen indicate the involvement of oxygen and nitrogen atoms in coordination. The alkyl carbons of Schiff base and organotin(IV) complexes appear well within the expected ranges and their assignments are given in Table 4 . The heteronuclear coupling constant 1 J( 13 C-119 Sn) in the studied organotin(IV) complexes is determined, which provides vital information about the coordination environment and the geometry of the complexes. In all the complexes, the alkyl group are observed with coupling constant of the values 1 J( 13 C-119 Sn) are in the range 690.56-759.86 Hz. These values lie in a typical range for six-coordinated organotin(IV) complexes [42] .
3.5.
119 Sn NMR Spectra. The 119 Sn NMR chemical shifts are very sensitive to coordination number of tin and are generally shifted upfield on bonding to Lewis base. It has been reported [43, 44] C) values allow the calculation of the bond angle for the C-Sn-C fragment, which is in the order of ∼117 ∘ , suggesting that the tin atom has a slightly distorted octahedral geometry ( Figure 1) ; this behavior is in agreement with the values reported for hexacoordinated tin compounds [45] .
X-Ray Powder Diffraction
Studies. The X-ray diffraction studies have been performed on Philips PW 1710 automated X-ray powdered diffractometer. The experimental conditions employed in reading the pattern were as follows: the operating target voltage was 30 kV; the tube current was 15 mA. The X-ray from copper target was filtered with nickel, and monochromatic K line of wavelength 1.540598Å was obtained. Filtration reduces noise due to white radiation and increases resolution also.
The Table 5 . The diffractogram of compounds has been shown in Figures 2 and 3. 3.7. Molecular Structure. Molecular modeling helped to demonstrate the significant features, that is, molecular geometries, bond energy, and torsion angles of organometallic frameworks theoretically. Bond lengths, bond angles, and atomic coordinates depend on the hybridization of an atom and mode of bonding. Thus, molecular modeling was the blue print of three dimensional arrangements of atoms. Beside this, if deviations in bond distance, bond angles, or torsion angles are evidenced, specific electronic interactions can be detected and confirmed to the earlier spectral lines of evidence [46] . The bonding capabilities of atoms have impact on bond lengths and bond angles of concerned functional groups. Therefore, molecular models of complexes were demonstrated. Physical dimension of the molecules helped out to demonstrate the changes occurring during their topological assemblies. Energy minimization is used to find the structure with lowest energy using molecular mechanics analysis program [47, 48] ; data analysis of bond lengths and bond angles is presented in Tables 6 and 7 . The molecular structure is shown in Figure 4 . The deprotonated ligand is coordinated as bidentate ligand via the carboxylate oxygen and azomethine nitrogen atoms. The six coordination number is completed by two carbon atoms of butyl groups. The organic molecule acts as an anionic bidentate with the ON donors placed in the same side. Since the synthesized compounds are related and differ only in substituted R group, one compound Bu 2 Sn(L 2 ) 2 was theoretically studied. Based upon spectroscopic data, Sn(IV) compounds with O 2 N 2 ligands generally adopt distorted octahedral geometry. The optimized structure for the compound Bu 2 Sn(L 2 ) 2 is shown in Figure 4 and pertinent bond parameters are given in Tables 6 and 7 Table 8 represent the mean value of the three readings with standard deviation. Streptomycin was used as a reference compound for antibacterial activities. These bacterial strains are used because they are known as common pathogens of human beings. The antimicrobial (Table 8 ). This also showed that the antibacterial activity of ligands is greatly enhanced when it is coordinated with metal ions. Although it is difficult to make out an exact structure-activity relationship between the antimicrobial activity and the structure of these complexes, it can possibly be concluded that the chelation as well as the addition of a substrate enhances the activity of the complexes. The increase in the activity of the complexes compared to that of the ligands can be explained on the basis of Overton's concept [51] and Tweedy's chelation theory [52] . Chelation considerably reduces the polarity of the metal ion because of partial sharing of its positive charge with the donor group and possible -electron delocalization over the whole chelate ring. Such chelation could enhance the lipophilic character of the metal atom, which subsequently favours its permeation through the lipid layers of the cell membrane. In general, metal complexes are more active than ligands and they may serve as principal cytotoxic species. Thus, exhibiting their broad spectrum nature can be further used in pharmaceutical industry for mankind as an antimicrobial agent after testing its toxicity to human beings.
Conclusion
A new series of organotin complexes were prepared in good yields. Based on various physiochemical and structural investigations, it was concluded that the ligands act as bidentate (no donor) forming distorted octahedral complexes with Bu 2 Sn(IV) ion. Furthermore, the current study strongly demonstrates that these complexes are more effective antibacterial agents than the parent ligands. Selectivity is observed in the activities of some compounds over particular microorganisms, which is very important for the future pharmaceutical applications in order to avoid the side effects, so we can conclude that the compounds synthesized and tested look very promising.
